Rabbit anti-thymocyte globulin (ATG) is used as prophylaxis against GVHD following allogeneic hematopoietic cell transplantation (HCT). At our institution, ATG is exclusively used in the conditioning of matched unrelated donor (URD) transplant recipients. A total of 50 URD HCT recipients who received ATG (ATG group) were retrospectively compared with 48 matched related donor (MRD) HCT recipients who did not receive ATG (no ATG group). There were no significant differences between the groups in rates of day 100 mortality, acute GVHD or relapse. Chronic GVHD incidence was significantly lower in the ATG group (P ¼ 0.007). At a median followup of 36 months in the entire cohort, 50% patients are alive in the ATG group and 63% of the patients are alive in the no ATG group (P ¼ 0.13). We conclude that the administration of ATG to patients undergoing URD HCT preserves the anti-leukemia benefit of the transplant, while reducing the risk of developing GVHD, resulting in OS rates that are comparable to MRD HCT recipients.
INTRODUCTION
Donor T-cell-mediated graft versus leukemia effect following allo-SCT has made allografting the standard of care in the management of high-risk AML, ALL and myelodysplastic syndrome, particularly when an HLA-matched related donor (MRD) is available. [1] [2] [3] [4] [5] However, despite improvements in HLA matching, unrelated donor (URD) transplantation is still not widely applied in first remission due to several lines of evidence, suggesting a high risk of GVHD and TRM. [6] [7] [8] Even in patients receiving 8/8 HLA-matched URD grafts, the risk of GVHD and subsequent TRM is higher, without an accompanying decline in relapse risk in acute and chronic leukemia patients. [9] [10] [11] This increased risk of GVHD among other factors is related to histo-incompatibility between HLAmatched donors and recipients in SCT from URDs, both at the level of the MHC locus, 12, 13 and also in other minor histocompatibility Ags. 14, 15 There are few prospective trials studying comparative outcomes between MRD and URD allografts. Furthermore, where URD SCT may yield comparable outcomes in high-risk AML 16 it is largely unexplored in intermediate-risk AML and ALL.
The risk of GVHD stemming from donor recipient allo-reactivity may be reduced by in vivo T-cell depletion using polyclonal anti T-cell Ab preparations such as anti-thymocyte globulin (ATG). ATG was first introduced in solid organ transplant protocols where it served a tolerance-inducing function, 17 helping reduce the risk of graft rejection. ATG may be of equine or rabbit origin, and because of its long half life in the circulation, 18, 19 both native recipient and infused donor T cells are affected owing to recognition and binding of T-cell surface Ags and depletion of CD3 þ lymphocytes after administration. This has led to its use in SCT protocols, which promote tolerance induction to develop a platform for adoptive immunotherapy. [20] [21] [22] [23] Notably, patients transplanted using T-cell depletion are at a higher risk of opportunistic infection and possibly relapse. [24] [25] [26] Because of the high probability of developing acute GVHD with URD SCT, ATG is often administered as a part of the conditioning regimens for these transplants to reduce this risk. This study compares clinical outcomes between URD-SCT recipients who received ATG before transplant and MRD-SCT recipients who did not receive it. We hypothesize that patients who receive ATG would have a lower risk of developing GVHD and thus, despite the use of an URD and the implications of in vivo T-cell depletion for infection risk, we would observe superior or equivalent clinical outcomes to MRD recipients.
PATIENTS AND METHODS Patients
After obtaining permission from the Virginia Commonwealth University Institutional Review Board, and in accordance with the declaration of Helsinki, a retrospective review of the medical records for allogeneic SCT recipients with AML, myeloproliferative disorders, ALL or advanced myelodysplastic syndrome transplanted between 2004 and 2009 was conducted. Recipient-donor pairs were matched at the HLA-A, B, C and DRB1 loci, using high resolution typing for recipients of URD transplantation and intermediate resolution for recipients of MRD transplants. HLA typing was performed by PCR using sequence specific oligonucleotide probes. All patients received myeloablative conditioning (Table 1) .
Cambridge, MA, USA) at a dose of 3.3 mg/kg/day (adjusted ideal body weight) for three doses (total ATG dose 10 mg/kg), from February 2004 to July 2007, after which the dose was reduced to 2.5 mg/kg/day for three doses (total ATG dose 7.5 mg/kg), administered on days À 3 to À 1 before SCT. ATG was infused over 6-12 h as tolerated after premedication with corticosteroids, diphenhydramine and acetaminophen. ATG dose reduction was necessary due to increased number of opportunistic infections observed in the earlier cohort. GVHD prophylaxis used is given in Table 1 . Antimicrobial prophylaxis was routinely administered. CMV and EBV monitoring was performed using quantitative reverse transcriptase PCR on blood samples every 2 weeks.
Statistical methods
Clinical outcomes of interest were compared between the MRD recipient (no ATG) and URD recipient (ATG) cohorts. Patient characteristics between the two groups were tested for relationships using w 2 tests. The probabilities of OS and EFS were calculated with the Kaplan-Meier estimator, and were compared using the log-rank test. The probabilities of relapse, cumulative GVHD, as well as acute and chronic GVHD, and nonrelapse mortality were calculated with the cumulative incidence estimator, 27 and were compared between MRD and URD groups using Gray's test 28 to account for the competing event of non-relapse mortality for relapse, and mortality without GVHD for acute and chronic GVHD, and relapse for non-relapse mortality. Hazard ratios (with corresponding 95% Wald confidence intervals) were estimated using the Cox proportional hazards model and compared between the no ATG and ATG cohorts. Cox proportional hazard ratios are also used to compare the outcomes between the two cohorts while accounting for pretransplant variables. Clinical outcomes of interest were compared (without respect to timing) between ATG and non-ATG subjects using w 2 tests, and odds ratios (OR; with 95% confidence intervals (CI)) were also estimated.
RESULTS

Patients
Ninety-eight patients underwent myeloablative allo-SCT for acute leukemia or myelodysplastic syndrome in the period examined. Patients in the no ATG and ATG cohorts were similar in their composition except for the donor type, stem cell source and CD3 þ cell dose infused between the two groups ( Table 1) . Hematopoietic engraftment was similar in both cohorts, 12 vs 12.5 days in the no ATG vs ATG groups, respectively.
Survival
At a median follow-up of 36 months in the entire cohort, 50% patients are alive in the ATG group and 63% in the no ATG group (Figure 1a ; hazards ratio (HR) 0.63, 95% CI: 0.35, 1.16; P ¼ 0.14), indicating no survival difference between the two groups. This was true regardless of patient age, diagnosis or the conditioning regimen used (Table 2 ). PBSC recipients in the no ATG group (MRD) and BM recipients in the ATG group (URD) had better survival compared with the PBSC recipients in the ATG group (URD; HR ¼ 0.44, 95% CI: 0.21, 0.86, and 0.44, 95% CI; 0.18, 0.99, respectively). EFS was also similar between the no ATG and the ATG groups (Figure 1b) .
There was no significant difference (P-value ¼ 0.21) in day 100 mortality between the no ATG group (6/48, 13%) and the ATG group (11/50, 22%; OR 0.51, 95% CI: 0.17, 1.50, P ¼ 0.21), nor in the cumulative incidence of non-relapse mortality, accounting for the competing risk of relapse ( Figure 1c ). Causes of death are listed in Table 3 , with infection and relapse contributing notably to the mortality observed in the ATG group, particularly in the recipients of 10 mg/kg ATG.
Relapse
There was no significant difference between the relapse rates in the no ATG group (9/48, 19%) and the ATG group (11/50, 22%; HR 0.70, 95% CI: 0.29, 1.68; P ¼ 0.41). The cumulative incidence for relapse, accounting for the competing risk of non-relapse mortality, was similar between patient groups (Figure 2 ). In addition, this was the case regardless of age, diagnosis and the conditioning regimen used (Table 2) ; however, patients in the no ATG cohort (MRD) receiving PBSC had a lower relapse rate than patients in the ATG cohort (URD) undergoing PBSC transplant (HR ¼ 0.51, 95% CI: 0.27, 0.96). There was, however, no difference in the BM and PBSC recipients in the ATG cohort (URD; HR ¼ 0.51, 95% CI 0.23, 1.13). Abbreviations: Flu ¼ fludarabine; MF ¼ myelofibrosis; MDS ¼ myelodysplastic syndrome. Regimens used: CY/TBI-TBI, six fractions of two Gray (Gy) each, day À 6 to À 4, and CY 60 mg/kg i.v., day À 3 and À 2; BU/CY-BU 0.8 mg/kg i.v. every 6 h, day À 7 to À 4 and CY 60 mg/kg i.v., day À 3 and À 2; BU/Flu-BU 130 mg/m 2 i.v. daily, day À 5 to À 2, and Flu 40 mg/m 2 i.v., day À 5 to À 2; VP16/TBI-TBI 7 fractions two Gy each and etoposide (VP16) 60 mg/kg i.v., one dose. GVHD prophylaxis: Tacrolimus target level 5-12 ng/mL; CYA, target level 250-350 ng/mL, both starting day À 2, generally tapered following day 100. CYA-Tacrolimus, i.v. CYA transitioned to oral tacrolimus following engraftment. Calcinuerin inhibitors administered with MTX 15 mg/m 2 i.v. on day 1, and 10 mg/m 2 on days 3, 6 and 11 and leucovorin rescue. In patients who could not tolerate MTX, mycophenolate mofetil 15 mg/kg PO/i.v. twice daily was given from day 0 to 30. Sirolimus target level 5-10 ng/mL, day À 2 to day 100. Percentages in parentheses.
GVHD
There was no significant difference between the proportions of patients who developed acute or chronic GVHD occurrence in the no ATG group (28/48, 58%) and those in the ATG group (20/50, 40%; HR ¼ 1.31, 95% CI: 0.74, 2.33, P-value ¼ 0.36), and the cumulative incidences (P-value ¼ 0.14) of GVHD, accounting for the competing risk of mortality without GVHD. This was true for all the patient subgroups tested (Table 2) . Notably, the cumulative risk of GVHD was the same in BM and PBSC recipients in the ATG cohort (URD; HR ¼ 0.56, 95% CI 0.28, 1.09).
Grade II-IV acute GVHD (classical and delayed onset) developed in 14 patients in the no ATG group vs 14 in the ATG group (OR 1.06, 95% CI: 0.44, 2.54; P ¼ 0.90). Grade III-IV acute GVHD developed in seven patients in the no ATG group vs three in the ATG group (OR 2.67; 95% CI: 0.65, 11.02; P-value ¼ 0.16). There was no difference in the cumulative incidence of acute GVHD between the MRD and URD recipients after accounting for non-GVHD mortality (Figure 3a) . However, chronic GVHD was diagnosed less frequently in the ATG group vs no ATG group (5 vs 20 patients; OR 0.16, 95% CI: 0.05, 0.46; P-value ¼ 0.003) in patients undergoing MUD SCT. MRD patients thus had a higher cumulative incidence of chronic GVHD than did URD patients after accounting for patient mortality without developing GVHD (Figure 3b) . ATG dose effect A subset analysis of the URD SCT recipients, exploring survival differences between the two ATG dose groups, yielded a HR of 3.23 (95% CI: 1.34, 7.77; P-value ¼ 0.009) consistent with the lower survival rate observed in patients who received a higher dose of ATG (Figure 4) . Correspondingly, there was a significantly higher (P-value ¼ 0.005) mortality rate in the 10 mg/kg ATG dose recipients (18/26, 69%) than in the 7.5 mg/kg dose recipients (7/17, 29%), with an OR of 5.46 (95% CI: 1.63, 18.36; Table 3 ). This large difference stemmed from a high day-100 mortality mostly attributable to non-relapse and non-GVHD mortality in the high-dose ATG group (10/26, 39%) than in the low-dose group (1/24, 4%; OR 14.38, 95% CI: 1.67, 23.70, P-value ¼ 0.003; Table 3 ).
DISCUSSION
URD SCT is generally considered a high-risk intervention, and as such, is not widely established as a therapeutic modality in Table 3 . Other: no ATG-lung cancer; pulmonary edema. ATG-post-transplant lymphoproliferative disorder/pulmonary edema; alveolar hemorrhage 2 ; thrombotic thrombocytopenic purpura. a Infection: no ATG-vancomycinresistant Enterococcal (VRE) sepsis. ATG-VRE sepsis; disseminated toxoplasmosis (brain, heart lung); pulmonary Rhizopus and Zygomycetes; Mycobacterium avium bacteremia; Influenza A: pulmonary Aspergillosis: Pseudomonas aeruginosa encephalitis wound infection.
patients with intermediate-risk malignancies who have no HLA identical donors in the family despite the improved outcomes in recipients of MRD transplantation in recent years. This line of reasoning places this particular group of patients at risk for relapse and poor outcomes with salvage therapy and allografting beyond first remission. To address the comparability of HLA-MRDs with URDs, we examined post-transplant outcomes in cohorts of simultaneously transplanted acute leukemia and myelodysplastic syndrome patients, where URD SCT recipients received ATG as component of GVHD prophylaxis. An overall beneficial effect of ATG use was observed resulting in equivalent outcomes in MRD and URD SCT recipients.
GVHD is a manifestation of T-cell allo-reactivity directed at mismatched minor histocompatibility Ags (mHA), such as CD31, HA-1 and HA-2, disparity in which predicts higher risk of GVHD. 14, 15, [29] [30] [31] There is a greater likelihood of mHA disparity in URD SCT recipients because of greater probability of genomic differences such as single nucleotide polymorphisms, microdeletions and copy number variations in the exons of the involved genes. Because of the HLA specificity of mHA presentation and the heterogeneity in HLA across various populations, a picture of considerable heterogeneity in outcomes has emerged in URD transplant recipients. 30, 32 This heterogeneity also affects the risk of GVHD observed in URD-recipient pairs matched for HLA, though this risk is lower than that recorded with one or more HLA mismatches. 33, 34 Whereas recipients of stringently matched URD SCT have been reported to have outcomes similar to MRD allografts in specific populations, 35 other studies evaluating disparity at the MHC locus have shown that mismatching for loci such as HLA-DPB1 increases the odds for developing GVHD or reducing relapse, as does receiving a SCT from an MHC haplotype mismatched URD who is otherwise matched at allele level for the HLA-A, B, C and DRB1 loci. 12, 36, 37 A large recent Japanese study examined highly conserved areas-termed conserved extended haplotypes-in the MHC region. It was found that patients transplanted using donors matched at all the HLA loci, but with a different haplotype from theirs have a higher rate of GVHD. 13 These observations point towards a need for more intensive GVHD prophylaxis in recipients of URD SCT.
In vivo T-cell depletion with ATG has been employed for GVHD prophylaxis and other investigators have reported outcomes in both URD and MRD SCT recipients. Studies comparing cohorts of patients receiving ATG with those conditioned without ATG are summarized in Table 4 . 5, [38] [39] [40] [41] [42] [43] [44] [45] [46] These data, demonstrate that, in general, patients receiving ATG, in lower doses, have similar and often better clinical outcomes when compared with those not receiving it or receiving a high dose of it, with equivalent relapse and less GVHD. Further, there have been two prospective randomized trials that have examined this question, with both assigning URD SCT recipients to standard GVHD prophylaxis with or without ATG. These studies demonstrated a reduction in the rates of both severe acute GVHD (HR ¼ 0.5, P ¼ 0.054) and chronic GVHD (HR 0.2, Po0.0001) in one, 47 and chronic GVHD in the other (15 vs 41% P ¼ 0.01). 38 The relapse rate as well as OS was similar in these patients regardless of ATG administration. Two other trials reported lower rates of GVHD-one acute (RR 0.3, P ¼ 0.003), 39 and one chronic (P ¼ 0.002), 40 -in recipients of MRD, with an improvement in survival when ATG was used in conditioning. Similar benefit was observed in terms of chronic GVHD risk reduction in both MRD vs URD comparison, where ATG was used to condition URD SCT recipients. 41 A large retrospective study, examined outcomes in URD SCT recipients conditioned with myeloablative regimens, and also demonstrated a significant reduction in chronic GVHD (4 vs 32% in the ATG vs no ATG groups: P ¼ 0.001) with no difference in relapse, and OS when ATG was used. 48 What is paradoxical about these observations and the outcomes recorded in our study is the similarity of relapse rate despite lower rates of chronic GVHD, even though in recipients of T-cell replete allografts, freedom from relapse is proportional to incidence of chronic GVHD, with either myeloablative or reduced intensityconditioning regimens. 49, 50 This suggests that the ATG effect observed on post-transplant outcomes derives from more than simple clonal T-cell depletion. A peripheral tolerance induction mechanism may be invoked in older recipients where the likelihood of central, thymic, tolerance developing is low. One may speculate that adoptively transferred donor T cells are rendered tolerant to ubiquitously present recipient allo-Ags disparate from the donor by peripheral tolerance induction mechanism such as co-stimulation blockade by ATG and emergence of regulatory T-cell populations. 20, 21, 51 Chronic GVHD risk thus ameliorated; GVL is preserved by the scarcity of tumorspecific Ags at the time of SCT, which prevents induction of peripheral tolerance to tumor Ags by ATG. Eventual withdrawal of immunosuppression restores neo-Ag reactivity and in the event of leukemia progression allows GVL to develop and eradicate the malignant clone. This approach to preserving leukemia specific allo-reactivity in recipients of transplants conditioned with myeloablative regimens, based on cellular proliferation kinetics and ATG half-life, reemphasizes the role of adequate pretransplant cytoreduction.
From Table 4 it may be inferred that ATG has an overall salutary effect on SCT outcomes by reducing the risk of TRM in URD SCT recipients, preventing that variable from offsetting the benefit seen secondary to GVL effect. One may also speculate that there is relative equivalence in immune reconstitution following SCT with or without in vivo T-cell depletion with ATG. This may be the result of a lower rate of severe acute and chronic GVHD and its attendant immunosuppression, thus ATG may paradoxically help preserve GVL effect or conversely allow enough patients to survive the immediate post-transplant aftermath to develop GVL responses.
An informative consistency between the various findings depicted in Table 4 is the diminishing toxicity of ATG with lower doses, accompanied by maintenance of the GVL effect reflected by comparable relapse rates. In addition to the studies depicted, another large study examined post-transplant outcomes with thymoglobulin given at 4, 6, 8 or 10 mg/kg, and in this instance demonstrated a significantly reduced TRM (HR 0.35, P ¼ 0.03) and better survival (HR 0.45, P ¼ 0.027) in patients receiving the 
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intermediate, 6 and 8 mg/kg thymoglobulin doses, as compared to patients receiving 4 and 10 mg/kg thymoglobulin, with these two groups experiencing higher rates of GVHD and infections, respectively. 52 Analogous to this, we observed a high rate of infections in patients receiving 10 mg/kg of ATG and this complication has diminished considerably as reducing the dose to 7.5 mg/kg. Regardless, an increased risk of opportunistic infections, such as EBV reactivation, has been reported with the use of ATG. 53 Although in this study with aggressive monitoring and preemptive therapy, the risk of development of posttransplant lympho-proliferative disease was low; lower ATG doses will likely result in fewer opportunistic infections. On the other hand, there does appear to be a threshold effect to the benefit derived from ATG, as demonstrated in a prospective trial reporting a significantly higher rate of both acute and chronic GVHD in the recipients of 2.5 mg/kg of rabbit ATG as compared with 7.5-10 mg/kg, the latter on the other hand sustained a higher rate of relapse and opportunistic infection. 54 These findings clearly point to a dose response relationship between ATG and posttransplant immune reconstitution following SCT, favoring an intermediate dose range.
Within the constraints of a retrospective study, we demonstrate that the addition of ATG to the conditioning regimen of patients undergoing URD SCT reduces the risk of developing severe chronic GVHD, while preserving GVL responses, and results in OS rates equivalent to MRD SCT recipients. Our findings should be treated as a preliminary guide to designing future trials on the use of ATG in stringently HLA matched URD transplantation in first line therapy of patients with intermediate risk disease and reduce the risk of poor outcomes seen with recurrence in these individuals.
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